N |

AD=A237 542
R

AD-E402 224

Techinical Report &RFSD-TR-90030

AN APPROXIMATE ANALYSIS OF BALLOTING MOTION OF
RAILGUN PROJECTILES

Szu Hsiung Chu

July 1991°

U.S. ARMY ARMAMENT RESEARCH, DEVELOPMENT AND
ENGINEERING CENTER

Fire Support Armamen@s Center

Picatinny Arsenai, New Jersey

US ARMY
ARMAMENT MUNITIONS
& CHEMICAL COMMAND

ARMAMENT RDE CENTER

Approved for public release; distribution _imlin*iited.

i #1709 o083

i

i
i

|




The views, opinions, and/or findings contained in this
report are those of the author(s) and shouid not he
construed as an official Department of the Army position,
policy. or decision, unless so designaied by other
documentation.

The citation in this report of the names of commercial
firms of commercially available products or systems does
not constitute official endorsement by or approval of the
U.S. Government,

Destroy this report when no longer needed by any
method that will prevent disclesure of contents or
reconstruction of the document. Do not return to the
originator.




Form Approved

REPORT DOCUMENTATION PAGE OB Ny 07580185
Pcbicuporingb‘xdm'ormeokcmdwﬂomnlonhmmdtnwnwH\va« > including the ¥me for revi i mnmmmwmmm
Mod.dlnd pieling and revieving t Send g this burden o of-nym-mu th ks collect d for reducing this ound
lpo h R f o m” sy ‘ov' ' Operaty MM'Q'SMMNMHM Suite 1204, Aringlon, VA 22202-4302, -wwhm&qdwﬂbﬂhwm
1. AGENCY USE ONLY (Leave blani) 2?-hEPORT DATE 3. REPGRT TYPE AND DATES COVERED

July 1991
4. TITLE AND SUBTITLE 5. FUNDING NUMBESRS

AN APPROXIMATE ANALYSIS OF BALLOTING MOTION
OF RAILGUN PROJECTILES

6. AUTHOR(S)
Szu Hsiung Chu

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
ARDEC. FSAC REPORT NUMBER
Electric Armaments Division (SMCAR-FSE) Techrnical Rspart ARFSD-TR-50030
Picatinny Arsenal, NJ 07806-5000
[o. SPONSORING/MONITORING AGERCY NAME(S; AND ADDRESS(ES) 10. SPONSORING/MONITORING
' ARDEC, IMD i AGENCY REPORT NUMBER
| STINFO Br T

ATTM: SMCAR-IMI-|
Picatinny Arsenal, NJ 07806-5005
f11. SUPPLEMENTARY NOTES. . _ . —

This report is the third of three basic reports to deal with the in-bore balloting motion of a projectile launching
in an electromagnetic raiigun.

12a, DISTRIBUTION/AVAILABILITY STATEMENT h 2. DISTRIBUTION CODE
Approved for public releass, distribution unlimited.
13. ASSTRACT (Maximum 208 wordsj

This is the final of thiree basic reponts dealing with the in-Gore hallsting motion of a projectile fired from an
electromagnetic railgun. The first and second reports were concerned with ths zxial projectile motion without and with
a cerlain yaw angle, respsctively. Their tities are "A Basic Simple Modaling of iii-tore Motion of Railgun Projectiles”
and “A Basic Simple Modsling of Balioling Motion of Railgun Projectilss.”

Kriowladge of projectile in-hore motion is :mponam io its dasign and the design of the railgun. H is a coniplicated
problam since many parameters are involved and it is not easy i6 determing the interacting relationships between
them To make the problem aasisr ic understand it was analyzed on sevaeral levets. Beginning from the basic simple
model which computed only the axial niction, more complicated models wers introduced in upper ievels that included
the mors significant lateral forces and gun tube vibration effects.

This report deals with the approximate analysis of balloting motion. This mods! considers the effscis of the propulsion
forca, the friction force of the projectile packags {nmiectile and armatyre), air resisiance. aravily, the efastic foregs, and
the projectile/barrel clearance. To simplily the modsling, a plane moiion configuration is assumed. Though ife pro-
jectile 15 moving with a varying yaw angle, the axes cf the barrel and the pro;ectz!e paciiags, and the projectile center of
gravity are always considered in a plans containing the centerlings of the rajls. Eguations of motion ars desivad and
sotved A saimple computation is performed and the results plotted fo give a clearer undarstanding of prejeciile in-bore

13, SUBJECT TERMS 15, NUMBER OF PAGES
2Z
In-bore motion Balloting Gun dynamics Projaciils Railgun & PRICE CODE

k7. SECURITY CLASSIFICATION| 6. SEGURITY CLASSWICATION [19. SECURITY CLASSIICATION {25, LIMITATION OF ARSTRAZT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNGLASS'FIED SAR

Standars Fomm 298 (R, 255
NON 7540-61-200-5500 Prascribod by ANS!I Std Z35-1 298.952




_Ac??sszoa l‘ox- [_ -
| WTIS  GRARY i
, BT1C %48 =
; Unagnowngod :
; Just
CONTENTS us 1fmauon_...._..._____

By
Distribution/

Availability Codss

- Page

introduction vail andfer 1
iD1at Special
Discussion 9 \ 2
Assumptions ‘ t 2
Coordinate System 3
Coverning Equations 3
Selutions of Governing Equations o 8
Sample of Computation ‘% 9
L 4
Resuits 18
Conclusions 18
References 19
. Bibliography 19
Distribution List 21
FIGURES
1 Configuration system 3
2 Barrel and projectile package coniiguration showing propulsion and 4
interacting forces
3 Projectile deformation and dimensions 4
4  Rail current versus iime i0
S Acceleration versus time 10
& Accaieration versus nrojeciiie disnlacement 11
7 Velocity versus time 11
8 Velocity versus projectile displacement i2
i i




10

11

12

13

14

15

16

17

18

19

FIGURES (cont)

Projectile displacement versus time

Yaw acceleration versus time -

Yaw acceleration versus projectile displacement

Yaw velocity versus tinie

Yaw velocity versus projectile displacement

Yaw angle versus time

Yaw angle versus projectile displacement

Armature normal reaction force versus time

Armature normal reaction force versus projectile displacement
Bourrelet normal reaction force versus time

Bourrelat normal reaction force versus projectile displacement

R

Page

12
13
13
14
14
15
15
16
i€
17

17




E

INTRODUCTION

This is the final of three basic reports dealing with the in-bore balioting motion of a
projectile fired from an electromagnetic (EM) railgun. The first report titled "A Basic
Simple Modeling of In-Bore Motion of Railgun Projectiles” (ref 1) of this series ad-
dressed axial projectile motion without cocking and included the derivation of basic
equations ior calculating projectile acceleration and velocity. The second report titled "A
Basic Simple Modeiing of Balloting Motion of Railgun Projectiles” (ref 2) addressed the
cocking (yaw) angle of the projectile package in the raiigun and its impact on projectile
balloting. In order to make this presentation easier to understand and more complete,
some statements which were discussed in these previous reports are repeated in this
repont.

In-bore projectile motion is the starnt of its subsequent motion. The latera! forces
and lateral projectile/barrel impact affects muzzle jump, intermediate and terminai
ballistics and, consequently, weapon system accuracy. The laterai projectile/barrel
impacts during in-bore motion also would affect the more sensitive components of some
projectiies such as those containing electronics. The force structure and in-bore projec-
tile dynamics are an important concern in the development of an armament system for
an EM launcher since the average accelerations are much larger and the length of the
barrel may be ionger. In addition, unlike for a conventional gun (ref 3), the circumteren-
tial construction of the barrel is not uniform, complicating the analytical work.

The balioting motion of the projectile package is a complicated problem since
many paramstars are invoived and it is not easy to dstermine the interacting relation-
ships between them. To make the in-bore rotion problem easier to understand it was
anailyzed on several laveis. Beginning from the basic simple model which analyzed
only axial motion, more complicated models wiil be introduced in upper leve!s that
include many of the lateral forces and gun tube vibration effects.

This report provides an approximate analysis of balloting mction. The modsl
considers only the effect of the propuision (Lorentz) force, the friction force of the
projectile package (projectile and armature), air resistance, gravity, the elastic forces,
and the clearance between the projectiie and the barrel. Barrel expansion is assumed
to be constant. Vibration of the gun, the thermal effect and other electromagnetic
interfarences are ignored. 7The propulsion force is assumed o be of known quantity. To
simplify the modeling a plane moticn configuration is assumed. Though the projectile is
moving with a varying cocking (yaw) angie, the axes of the barrsl, the projectile pack-
age and the projectile center of gravity (c. g.) are considered to be always in a plane
containing the centerlines of the rails. Equations of motion are derived and solved.

The solutions to the derived equations are obtained by either closed form (for the
simpler cases) or numerical methods. The rasults are expected to provide a basic
understanding of the projectile’s in-bora balloting condition.
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A sample calcuiation is shown with available required data. Figures are provided
to show some of the computed resulis with respect to time and projectile dispiacement.

DiSCUSSION
Assumptions

The {ollowing assumptions are made to simplify this basic analysis of the projectile
halloting motion:

The projectile and the armature are assumed to be integrated into one projectile
package; hereafter the term projectile means projectile package. The contact of the
projectile with the barrel is taken to be on the armature and the bourrelet portion only
and thay are considerad as point contacts. The canter of the armature base is assumed
to always move along the barrel centerline. Thus, there is uniform rail and insulation
pressure and a normal reaction force acting along and at the armature circumference.
These two forces produce friction along the circumference and at the contact points.
The propulsion force is uniformly applied to the rear face of the armature so that the
resultant nropuision force is acting on the armature base center. It is coinciding with
and directed aiong the barrsl centeriine. The mass center of the projectile may have an
offset, €, from its geometrical centerline. All components such as the barrel, projectile,
and armature are considered i0 be rigid except for that portion of the bourrelet contact-
ing the barrel. The bursting effect of the rall is considerad constant. it increases the
barrel radius to a smali amount which is taken care cf by the effective barrel radius.

Although there is no leakage around the armature and the center of the armature
is always at the centerline of the barrel, the diameter of the bourreiet may be smailer
than that of the bore. Thus, there is some ciearance between the bousrelet and the rail
and the projectile may yaw inside the barrei even though there is no compression at the
bourrelet. The yaw angle is assumed {0 be small. The yaw or normal motion which
was ignorad in the previous two raports is now included.

To simplify the anaiysis further ail forces or their resultants are assumed to be in
one piane containing the center of mass of the projectile, the centerlines of the rails,
projectile, and barrel, and the bourreiei-barrel contact point. Consequently a plane
motion is analyzed. The reaction of forces normal to the barrel centerline are computed
in addition to the frictional forces and the Lorentz force.




Coordinate System

In this analysis, a Cartesian right-handed coordinate system is employed as
shown in figure 1. The x-y plane contains the center of mass of the projectile package,
the centerlines of rails, projectile and barrel, and the armature and bourrslet contact
points. The x-axis is taken tc the centerline of the barrel and the y-axis is normai to the
barrel and pointing upward in a vertical plane. The origin of the coordinate system is
located at the breech. The x-axis or the barrel may have an inclination angle, o, with
respect to the horizon (known as the angle of elevation) as shown in the figure.

BARREL
CENTERLINE

HORIZONTAL LINE

Figure 1. Coordinate system
Governing Equations

The basic equations of motion are similar to those for a conventional gun with a
smooth gun tube (ref 3). However, the speciai arrangement of the rails and the insula-
tion inside the barrel must be considered to compute the associated contact conditions
and forces.

From the above-mentioned assumptions and the coordinate system, the main
applied propulsion, reaction and interacting forces are shown in figure 2. For clarity the
asrodynamic drag and lift forces and the turning moments are not shown. The gravita-
tional force is also omitted from the figure. Projectile deformation and dimensions in the
x-y plane are shown in figure 3. Note that the fore and aft bore rider of saboted projec-
tiles corresponds to the bourrelet and the armature portion of the projectile without
sabot.




Ar? BORE-RIDZR FORE BORE-RIDER
(b) WITE SABOT

Figure 2. Barrei and projectile package configuration showing propulsion
and interacting forces

ARMAZORE BOURRELET

(a) WITHOUT SABOT

(b) WITY SABOT

Figure 3. Projectile deformation and dimensions

According to the geometrical conditions and the dynamic equilibrium of forces in a
plane, equations of moticn are derived as follows.

For the transiational motion, the x- and y-axis equations of motion are

ma=F-f-f-f -f, -D-mgsina(t)

my = N_ - N, + L - mgcosa(2)

where
m = mass of projsctile package or sum of masses of armature and projectiis
a = axial or x-direction acceieration of projectile package
F  =total propulsion or Lorentz force
f, = friction force between armature and rail due to normal reaction force
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where

—

IO oYY< ©:@

EmT0

= friction force between bourrelet and raii due to normal reaction force

= resultant friction force between armature and rail due to uniform circum-
ferential compression

= resultant friction force between armature and insulator due to uniform

circumferential compression
= aercdynamic drag
= gravitational constant = 9.81 m/sec/ssc
= inclination of x-axis or barrel with respect to the horizon
= normal or y acceleration of projectile ¢. g.
= normai reaction force at the armature

= normal reaction force at the bourrelet
= aerodynamic lift

For the yaw or transverse rotational motion, the equation of motion is,
19 =y(F -1, -1.)-N_(£cosb - Rtan|6| - esin6)

- N [hcosB + esind - (r - &, )sinj6|]

0 0.
-fa(mﬂ+y)+fb(mﬂ-y)+!\d (3)

= transverse moment of inertia of projectile

= yaw or cock angle of projectile

= yaw acceleration

= normal or y coordinate of projectile ¢. g.

= distance between c¢. g. and base of armature

= distance between bourrelet and ¢. g.

= offective bore radius. It is equal to the original radius plus the expansion
of the barrel due to the average rail bursting force

= projectile ¢. g. eccentricity

= bourrelet radius

= contact point deformation at the bourrsiet, normai to bourrsiet

= gerodynamic moment
From the system geometry

y =1sin® + ecos6 (4)




Friction forces will be determined from the friction cosfiicients and the design or
actual contact pressure at the armature-rail, armature-insulation, bourralet-rail, and
bourrelet-insulation interfaces. They are difficult to determine and simplified approxima-
tions from expseriments are recommended. The equations are derived from geometrical
conditions, force reactions, bourrelet deformation, and the friction laws as follow:

f, =2u_Rbpp (52)
f, = 2 Rop(r - B) (50)
f, = HyIN| (5¢)
f, = HylNy (50)

u, = friction coefficient of armature on rail
u, = friction coefficient of armature on insulation
u, = friction coefficient of bourrelet on rail

b = width of armature circumferential contact

p, = corntact pressure between armature and rail

p, = contact pressure uetween armature and insulation
B8 = angle subtended by rail with respect to barrel canter
r  =3.141593

IN,|, IN,| = absolute value of N_, N

The air resistance force and moment compenegnts may be computed according to
aerodynamic force equations if appropriate coefficients are known or measurad from
experiments. For simplicity in deriving the equations the aerodynamic center in the
above-derived aquations is taken to be at the projectile c. g.. However, these rasis-
tance and frictions may be ignored if the coefficients of air resistance and frictions are
iow, which they riormally are except for the drag force. The aerodynamic equations of
air rosistance sre ar follows:

L = 5pACv* - (69)
D = .BpAC,V* (6b)
M= 5pAC,cv* (6c)




= air density
= sectional area for aerodynamic force computation. It is taken to be bore
cross-sectional area
. = coefficient of normal or lift force

= coefficient of axial or drag force
= cosfficient of yaw o7 turning moment

= reference length used to compute air resistance moment
= axial or x-direction velocity of projectile package

p
A
C
CD
CM
c
\
The deformation at the bourrelst depends on the bourrelet geometry and the
spring constant. It is considered as positive when the deformation occurs from com-
pression. The normal reaction forces are considered as positive or negative as shown
in figure 2 when the yaw angle is positive. They are in the opposite direction when the

yaw angle is negative. The deformation and the bourrelet force are computed from the
following equations

N, = o7k (72)
8,=0 wheni6|<6, (7b)
8, =[(X + h)sin|6| ~R}/cos® +r  when [8] 26, (7¢)
where
k = spring constant of the bourrelet-barrel contact point
|6 = absolute value of 0
8, =yaw angle when the bouirelet just touches the rail

The Lorentz force may be computed from special formula using rail current and
inductance values, such as the following simple equation

F=.5L1 (8)
where
L~ =rail inductance per unit length
| = rail current




However, more complicated Loreniz force formulations may be used when they are
avalilable.

The velocity, v, and the travel or displacement, x, are the first and second integra-
tions of axial acceleration with respect to time as follow

V= jadt (9)
0
t

x = [val (10§
0

Similar integrat’on equations also may be appliad te y-direction motion and rotation.
Solutions of Governing Equations

The above-derived governing equations are, in general, solved with nurerical
methods. A closed form solution is availabie only in simple or simplified cases which
are not discussed here.

Substituting the friction equations 5a-5d and the air rasistance drag force eqg:ation
6b into equation 1, the equation becomes

a=[" - 1INyl - 1INy - 21, Rbp B - 241, Rbp,(x - B)
- 5pAC,V’ - mgsina}/m (11)

If the o angle, coefficients of friction, coefficients of air resistance or the projectile mass
are small, then the corresponding terms in equation 11 may be further ignored to
simplify the computation. Hence the upper bound of the axial accsleration is

a=F/m (tg)

The deformation at the bourrelet is computed from equations 70 and 7¢c. After it is
computad, the normal reaction force at the bourrelet, equation 7a, becomes

N, = ook (13)




Substituting equation 4 and air resistance lift force equation 62 into equation 2 and
solving for the reaction force at the armature, the equation becomes

N, = N, - .5pAC v* + mgcosa + m[{{ cos8 - esing)$
- {)5in® + £c0s0)67 (14)

Similar substitution may be dons on equation 3 if desired. The final solution is
obtained using general numericai methods.

Sanipie of Computation

A simple example is presented here to show the general state of the projectile
balloting. All data are assumed vaiues and are ot from an actual design. The frictions
and the air resistance are ignored because they are very small. Therefore, the cor-
responding data are all zero, and are not shown below.

The given date of this example are:

Barrel length=4.0 m

Gun inclination =0

Effective barre! radius = 2.5 cm

Bourraiet radius = 2.4 cm

Width of armature circumferential contact = 0.5 cin
Angle subtended by reiil with raspect to barrei center = 90 deg
Bourrelet-projectile ¢. g. distance = 2,5 cm
Armature-projectile ¢. g. distance = 2.5 cm

Projectile ¢. g. eccentricity = 8.1 cm

Mass of projectile package = 0.005 kg

Moment of inertia of projectile package = 5 E-8 kgm2
Bourrelet spring constant = 8 E+6 N/m

Reil inductance gradiant = 0.38 pH/m

initial projectile axial displacement = 0

Initial projectile axial velocity = 0

Initial yaw or cock angle = 1.1515 deg

initial projectile normal velocity = 0

Rail current versus time curve is as shown in figure 4
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Figure 4. Rail current versus time

Using these values and the dsrived equations, the balloting motion of the projectile
and the normal reaction forces are computed and showr in figures 5 through 19. Other
quantities may be computed from the results, such as the bourrslet deformation which is
c.mputed by dividing the bourrelet normal reacticn force by the spring constant.
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10




1000':

ACCELERATICN, kGEES

VELOCITY, km/SEC

»

o

o
|

o
o

N

(oo

(&)
|

(@)

(0]

L]

Q
|

EVENN ENERE AN FR SN

(lll,Lll

kS N

o
]

) B T 1

i L

PR DU |

!““T—f‘f"ﬁ—(—rl"vlﬁ‘rrl‘rlu|||1t|-Ixt—']x11‘l|

.5 1 1.5 2 2.5 3 3.5 4
PROJECTILE DISPLACEMENT, m

Figure 6. Acceleration versus projectile displacement

//

e

-‘l*'_[ LR R YL L) 'l r‘(’rl’l"lrl'[l—fl'

0.2 0.4 0.6 0.8 1 1.2 1.4
TIME, MILLISECONDS

Figure 7. Velccity versus time

i1




DISPLACEMENT, m

VELOCITY, kM/SEC

\‘
WY R |

H K o
|

«
5 W

\

b
ot ar da ey (S}

(-

LI LML R N LI SR A B BRI LML A S

0.5 1 1.5 2 2.5 3
PROJECTILE DISPLACEMENT, m

o

Figure 8. Velocity versus projectile displacement

2.5 3

0O 02 G4 06 08 i
TIME, MILLISECONDS

Figure 9. Projectile displacement versus time

i2




1000

500

CELERATION, kRAD/SEC/SEC
<
) 1
\§
/—" >
—
—

",
r

< .500 - \ \j
v 4
) ]
3 ]
S . x
5'1000j"ﬂ*"!"'l11'1*‘*»r T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4
TiME, MILLISECONDS
Figure 10. Yaw acceleration versus time
10060
Qo
& 5
g 1
2 Sgg*l i
g :ll\‘ N n ~
5 INA AN /\ / /\
o oodiiit ] \ \ / /
& NI / / /
{TE dil b [ 3 \ i \
5 ] \i \ \ / \V4
a SV M
< 50041 Y O
2l
2 _
g*"OGG T-T‘!“.A-.‘;'--‘rT"rvr.!rﬁxlr“'r1‘r! DARCENL I B AN B B

0 .5 1 1.5 2 2.5 3 3.5 4
PROVECTILE DISPLAGEMENT, m

Figure 11, Yaw gcceleration versus prejectile displacement

4
€

1




w
o
]

[AV)
(o]
)
N

ANGULAR VELOCITY, RAD/SEC
<o Law)

1.4 I ‘ £

< T
—
g

. L5

-t
o
|

1.1

PO
o
/

LI B ‘|11'|.|{117|

06 08 1 12 14
TIME, MILLISECONDS

o
o
DV
o
>

Figure 12. Yaw velocity versus time

30

2

»N

£

§1°i\

SR IR A

o\ N /\/\/\/\

z Y /

10|

-20 e e
0 0.5 1 1.5 2 2.5 3 3.5 4

PROJECTILE DISPLACEMENT, m

Figure 13. Yaw velocity versus projectile displacament

14




o

n
w

P& T A TS B ¥~ B 4 4 B

T TN AT AURNE FEU RS RN AW

YAW ANGLE, mRAD

Ny N N
e I
m wnedhe

|

L/

ro
o

N
S

lllI_L,!lll.ILl

N
w
gD W,

LJllilllLlLllllllll‘lll

[\ no
= o N

YAW ANGLE, mRAD

S D
o

|l]l|

n
n
o

T T T T

0.2

1} | T

0.4 1.4

H ‘ Ll L] ¥ I L L) 3 L] ¥ ¥
0.6 0.8 1.2
TIME, MILLISECONDS

o

Figure 14. Yaw angle versus time

<

L SR 4

b

1

‘ITilllhl-I!

1.8 2 2.5
PROJECTILE DISPLACEMENT,

TOTT

—
3
m

15111'11"]

3.5 4

Figure 15. Yaw angle versus projectile dispiacement

15




YRy e ghce)

THIFT

1400

1200 //\Jf\\

1000 -
eooé
sooé / ™
400% /

200%

NORMAL REACTION FORCE, N

-y
G R S ML S s 2 LI Bt SRS E AR IR A I SR S

1 r LA | |T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4
TIME, MILLISECONDS

Figure 16. Armature normal reacticn force versus time

1400
i

1000 -

N
-—d
N
o
o

f

800 -
800

400

NORMAL REACTION FORCE, N

200 -

0 Iﬁllll(lﬁ"l"T"(T‘!llIY*T‘TIIT!T llil

AL 2 |
0 0.5 1 1.5 2 2.5 3 3.5 4
PROJECTILE DISPLAGEMENT, m

Figure 17. Armature normal reaction force versus projectile displacement

16




1400 -

N wal

(00} < n

Lan] (e (=]

Lai) o (on} o

Illll]lllllllll

>»
Q

H

S

o
|

NORMAL REACTION FORCE, N

N

o

(]
|

o

.

¥ l L] L v l T L T ‘ 1 ¥ L] r ¥ B H l L) t i [ LIS | T ’

0.2 0.4 0.6 0.8 1 1.2 1.4
TIME, MILLISECONDS

o it

Figure 18. Bousrelet normal reaction force versus time

1400

1200

—

o

o

(]
1

800
600

400 -

200

NORMAL REACTION FORCE,

0¥r‘ll‘lirfll"l[fr'—rﬁl'f‘—r‘—"vrl]lll“ﬁ)‘f—'

O 05 1t 15 2 25 3 35 4
PROJECTILE DISPLACEMENT, m

Figure 19. Bourrelet normal reaction force versus prejectile displacement

17




RESULTS

The computation results of this analysis give a clear idea of the projectile balloting
inside an electromagnetic railgun. However, for more accurate analysis, the following
extra effects must also be considered.

in this analysis the rail bursting effect has been approximated by adding the
bursting expansion to the bore radius and, consequently, an effective barrel radius has
bsen used. This approximation does not accournt for the complex vibration of the rail
from the bursting force. It will be formulated in a more advanced analysis.

The center of the armature base has been assumed to be always on the centerline
of the barrel. This is generally true when the armature is squeezed inside the barrel
and it is rather stiff. The projectile base resistance moment against the transverse
rotation is not included in this analysis. It will be included in the advanced computation
as well as the normal motion of the center of the armature base.

The pressure at the interface between the rail and the insulation or the armature
depends on the geometrical condition and the physical properties of the contacting
materials. This may be obtained by experimental measurement or computed by an
available finite element computer program. However, if cosfficients of friction are small,
the frictions and pressure computation may be ignored.

The success of the analysis depends very much upon the datermination of the
spring constant which is not a linear constant. For accurate computation a force-
deformation curve, or data obtained from experimental measurement, Is recommended.

CONCLUSIONS

A set of approximate equations has been derived to compute the balloting motion
of the projectile in addition to the axial acceleration, the velocity, and displacsment.
Reaction forces at the armature and the bourrelet contact regions, and the bourreiet
deformation are aiso computad. Consequently, the associated curvas with respsct to
time and projectile displacement may give some basic idea of the balioting moticn of the
projectils inside an electromagnaetic raiigun.
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